Since both living in an enriched environment and physical activity stimulate hippocampal neurogenesis in adult mice, we endeavored to examine whether preweaning enrichment, a sensory enrichment paradigm with very limited physical activity, had similar effects on neurogenesis later in life. Mice were removed from the dams for periods of increasing length from postnatal day 7 to 21, and exposed to a variety of sensory stimuli. At the age of 4 months, significant differences could be found between previously enriched and nonenriched animals when spontaneous activity was monitored. Enriched mice moved longer distances, and spent more time in a defined center zone of the open field. Adult neurogenesis was examined by labeling proliferating cells in the dentate gyrus with bromodeoxyuridine (BrdU). Cell proliferation, survival of the newborn cells, and net neurogenesis were similar in both groups. Volumetric measurements and stereological assessment of total granule cell counts revealed no difference in size of the dentate gyrus between both groups. Thus, in contrast to postweaning enrichment, preweaning enrichment had no lasting measurable effect on adult neurogenesis. One of the parameters responsible for this effect might be the lack of physical activity in preweaning enrichment. As physical activity is an integral part of postweaning enrichment, it might be a necessary factor to elicit a neurogenic response to environmental stimuli. The result could also imply that baseline adult hippocampal neurogenesis is independent of the changes induced by preweaning enrichment and might not contribute to the sustained types of plasticity seen in enriched animals.
involved different levels of regulation, i.e. proliferation, survival and differentiation of neural progenitor cells and their progeny, and persisted into old age (Kempermann et al. 1998a; Kempermann et al. 1998b) . In strain C57BL/6 a survival-promoting effect on new cells in the subgranular zone of the hippocampal dentate gyrus was responsible for the net effect on neurogenesis. The alterations in hippocampal morphology were paralleled by improvements on the Morris water maze test, which assesses spatial learning as a hippocampal function (Kempermann et al. 1998a; Nilsson et al. 1999) . A learning stimulus itself can induce adult hippocampal neurogenesis (Gould et al. 1999) , however physical activity without further sensory stimulation is sufficient to elicit an enhancement of adult hippocampal neurogenesis (Van Praag et al. 1999a; Van Praag et al. 1999b) . When animals living in an enriched environment were withdrawn from the environmental stimulation, cell proliferation in the subgranular zone remained at the higher level found in younger mice, suggesting that earlier stimulation might result in a lasting increase in the potential for neurogenesis (Kempermann & Gage 1999) . These factors together prompted the question: would an enrichment paradigm early in life, in which physical activity does not play a major role, result in lasting effects on adult neurogenesis?
In the experimental paradigm of 'preweaning enrichment', pups are removed from their nursing dam daily, between birth and weaning, for short periods and exposed to a variety of sensory stimuli. There are several related types of preweaning stimulation (Fernandez-Teruel et al. 1997) , which differ with regard to the length of time the pups are removed from the dam and the amount of additional sensory stimulation applied during the time of separation (Denenberg et al. 1966; Denenberg et al. 1967; Schapiro & Vukovich 1970; Labarba et al. 1974) . Neonatal handling alone without further stimulation has been shown to result in better resistance to stress or stress-related endocrine changes, decreased anxiety-related behavior, improved performance in learning tasks and decreased hippocampal cell loss during adulthood and into old age (Meaney et al. 1988; Vallé e et al. 1999) . During the handling period the mice were individually subjected to an increasing complexity of tactile, olfactory, acoustic, visual and vestibular stimuli. This sensory stimulation took place in the absence of significant physical activity, but without restraint of the animal. The term 'enrichment' solely refers to a richer sensory experience and does not necessarily indicate a judgment that the given treatment is actually beneficial.
To test for functional effects of the enrichment paradigm in our study, we examined locomotor activity and exploratory behavior in an automated open field assay (Schaefer & Preweaning enrichment and adult neurogenesis Darbes 1972) . Adult hippocampal neurogenesis was examined by labeling proliferating neural progenitor cells in the subgranular zone of the hippocampal dentate gyrus with the proliferation marker bromodeoxyuridine (BrdU), as well as subsequent immunohistochemical detection of BrdU together with markers for neuronal and glial phenotypes. Cell counts and volumetric measurements of the granule cell layer were performed using stereological techniques.
Materials and Methods

Animals
Female C57BL/6 pups from 10 litters, obtained from Charles River (Sulzbach, Germany), were used in the study. n was 11 in the enriched group, and 14 in the control group. All dams (three for each condition) were foster dams (Bors & Forrin 1996) ; transfer from the biological dams and separation from the male littermates was on P3. In all 10 litters there had been a high neonatal mortality (Ͼ 50%); after establishment of the experiment only one animal of the enriched group died on P19 from an unknown cause. All animals lived in a light/dark cycle of 12 h each (lights on 07:00 to 19:00). They had access to food and water ad libitum.
Preweaning enrichment
The paradigm of preweaning enrichment was designed along protocols from the literature (Rosenzweig & Bennett 1969; Venable et al. 1989; Pascual & Figueroa 1996) . Preweaning enrichment was performed from P7 to P21, every day between 08:00 and 10:00. The duration of the stimulation was 15 min/day at P7 and gradually increased to a maximum of 60 min (Table 1) . The dam was removed and placed into a different cage, the pups were then individually housed in Table 1 : Details of the preweaning enrichment procedure. Between P7 and P21 (the day of weaning), mice were removed from their mother for an increasing length of time and exposed to a combination of sensory stimuli white plastic boxes of 10 ¿ 10 ¿ 9 cm (Fig. 1a) . Enrichment consisted of an increasing complex combination of tactile (cotton, sponge, sand, cork, rocks, toys), olfactory (vanilla, cinnamon, orange, highly diluted vinegar), visual (blinking colored lights), acoustic (taped music) and vestibular (slow movement on shaker or within paper roll) stimuli (Table 1 ) . On the last three days the animals were allowed to swim in warm water for 30 seconds. After the stimulation period, the pups were placed in their original cage and the dam was returned. The three control litters with their foster dams remained in their normal cage during this time.
After weaning all animals were kept 3-4 per cage under standard laboratory conditions.
Activity testing
Activity testing was performed at the age of 4 months. Locomotor activity, exploratory behavior and habituation to a new environment were assessed with a computerized activity monitoring system (Noldus Ethovision, Version 1.95, Noldus Information Technology b.v., Wageningen, The Netherlands) in an 80 ¿ 80 ¿ 45 cm empty plastic box. This system is based on the automated analysis of real-time video-images, acquired by a video camera which is suspended from the ceiling over the box and is sensitive under low light conditions. White noise was applied during the testing period of 45 minutes. All mice were individually tested. The distance moved was recorded for the total arena and a virtual 37.5 ¿ 37.5 cm center zone. In addition, the number of entries to the center zone and the time spent in the center zone were measured.
BrdU-injections
From P110 (i.e. 3 months after weaning) onwards and for 10 consecutive days all mice received one daily intraperitoneal injection of 10 mg/ml BrdU (5-Bromo-2-deoxyuridine; Sigma, Deisenhofen, Germany) in sterile 0.9% NaCl solution (daily Figure 1. (a) Preweaning enrichment of the mice consisted of daily exposure to a variety of sensory stimuli within a box measuring 10 ¿ 10 ¿ 9 cm. The pups were removed from their mother for 15-60 min per day, from postnatal day 7-21 and individually exposed to the stimuli. (b) Four weeks after the last injection with proliferation marker bromodeoxyuridine (BrdU) newly generated neurons can be detected within the granule cell layer. Neurons are identified with neuronal marker NeuN and appear green. BrdU is labeled red. New neurons show colocalization of BrdU and NeuN and appear orange. Astrocytes are marked with an antibody against S100b and appear blue. The insert shows two BrdU/NeuN double-labeled cells at higher magnification and one irregularly shaped that is only BrdU positive. It is likely that the group of these latter cells contains the stem or progenitor cells of the subgranular zone, which can give rise to new neurons and astrocytes. Scale bar, 50 mm (25 mm for the insert).
dose: 50 mg/g body weight). One day after the last injection of BrdU, five animals from each group were perfused as described below. The remaining mice lived for an additional 4 weeks.
Tissue preparation
The mice were killed with an overdose of anesthetics (acepromazine, xylazine, and ketamine) and immediately perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in cold phosphate buffer (0.1 M). The brains were stored in the fixative overnight and then transferred into 30% sucrose. Coronal sections of 40-mm thickness were cut from a
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Genes, Brain and Behavior (2002) 1: 46-54 dry ice-cooled block on a sliding microtome (Leica SM 2000 R, Leica, Bensheim, Germany). The sections were stored at ª20 aeC in cryoprotectant solution containing 25% ethylene glycol, 25% glycerin, and 0.05 M phosphate buffer.
Antibodies
All antibodies were diluted in tris-buffered saline (TBS) containing 0.1% Triton X-100 and 3% donkey serum (TBS-plus). Primary antibodies were: monoclonal rat anti-BrdU (Harlan Sera-Laboratory, Loughborough, England) 1 : 500, monoclonal mouse anti-NeuN, clone A60 (kindly provided by R.J. Mullen, previously University of Utah, Salt Lake City, USA) 1 : 20, and polyclonal rabbit-anti S100b (SWant, Bellinzona, Switzerland) 1 : 2500. For indirect immunofluorescence the following secondary antibodies were used (all 1 : 500): donkey antirabbit IgG (Jackson ImmunoResearch Laboratories, Hamburg, Germany), conjugated with CY5; donkey antimouse IgG (Jackson), conjugated with FITC and donkey antirat IgG (Jackson), conjugated with Rhodamine X. For immunohistochemistry with the peroxidase technique, biotinylated donkey antirat IgG (Jackson), 1 : 500, was used as secondary antibody and detected with avidin-biotin-peroxidase complex (ABC, Vectastain Elite, Vector Laboratories, Burlingame, CA, USA), 10 ml/ml.
Pretreatment for BrdU immunohistochemistry
After the blocking of endogenous peroxidases with 0.6% H 2 O 2 in TBS for 30 min the sections were incubated in 50% formamide/50% 2xSSC-buffer (0.3 M NaCl, 0.03 M sodium citrate) at 65 aeC for 2 h, washed in 2xSSC, incubated in 2 N HCl for 30 min at 37 aeC and washed in 0.1 M borate buffer (pH 8.5) for 10 min.
Immunohistochemistry
For light microscopic quantitation of BrdU-labeled cells a series of every sixth 40 mm-section was used. After BrdU pretreatment (see above) and washing in TBS, sections were blocked in TBS-plus with 3% donkey serum for 30 min, followed by incubation in primary antibody in TBS-plus overnight at 4 aeC. After rinses in TBS, the sections were incubated in the secondary antibody in TBS-plus for 1 h at room temperature. After another set of rinses, ABC Elite reagent (Vector Laboratories) was applied for 1 h. As substrate for the peroxidase reaction, diaminobenzedine (DAB, Sigma, Deisenhofen, Germany) was applied for 5-10 min at a concentration of 0.25 mg/ml in TBS with 0.01% hydrogen peroxide and 0.04% nickel chloride. Sections were thoroughly washed, mounted, air dried, dehydrated and coverslipped.
Immunofluorescence
For immunofluorescent triple-labeling of BrdU, NeuN and S100b, every twelfth section throughout the dentate gyrus was used. After pretreatment (see above) and a blocking step with TBS-plus containing 3% donkey serum, sections were incubated in a mixture of antibodies against BrdU, NeuN and S100b for 36h at 4aeC. After washing in TBS, a cocktail of secondary antibodies (Rhodamine-X to detect BrdU, FITC for NeuN, and CY5 for S100b) was applied for 2 h at room temperature. Sections were washed again, mounted and coverPreweaning enrichment and adult neurogenesis slipped in polyvinyl alcohol with diazabicyclo-octane (DAB-CO, Sigma) as an antifading agent.
Fluorescent signals were detected using a confocal laser scanning microscope (Leica TCS-NT, Bensheim, Germany). The phenotypes of 50 BrdU-labeled cells per animal were determined. Images were processed with Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA, USA).
Stereology
The total number of granule cells was determined in every sixth section in a series of 40-mm coronal sections using a principle described by Williams and Rakic (Williams & Rakic 1988) , which is similar to the optical disector (Gundersen et al. 1988) . Nuclei of granule cells were stained with Hoechst 33258 (Sigma; 50 mg/ml TBS for 15 min) and sections were coverslipped with ProLong (Molecular Probes, Leiden, The Netherlands). Counting frames with 15 mm side length spaced in a 150-mm grid were systematically sampled using a semiautomatic stereology system (StereoInvestigator, MicroBrightField, Magdeburg, Germany) and a cooled CCD Video camera mounted on a Leica DM RBE microscope with a 63X HCX PL APO oil objective (1.2 NA). Granule cell nuclei intersecting the uppermost focal plane (exclusion plane) and those intersecting the exclusion boundaries of the counting frame were not counted. Granule cells were counted through a 40-mm axial distance (microtome setting). The reference volume of the granule cell layer was determined by summing the traced areas of the granule cell layer in each section and multiplying the result by the distance between sections sampled (240 mm). From the average (mean) granule cell number per sample volume (9000 mm 3 ), the granule cell number per mm 3 was derived and multiplied by the reference volume to estimate the absolute granule cell number.
Sampling of BrdU-positive cells was done throughout the extent of the granule cell layer in its rostro-caudal extension. As BrdU-labeled cells are comparatively rare, no counting frames could be used. The procedure was modified to exclude the uppermost focal plane only, but otherwise the granule cell layer was exhaustively counted. The resulting number of BrdU-positive cells was then related to the granule cell layer volume per section and multiplied by the reference volume to give an estimate of the total number of BrdU-positive cells per dentate gyrus.
Statistical analyses
All statistical analyses were performed with Excel (Office 98) and Statview 4.5 for Macintosh and two-sided t-tests were applied when appropriate.
Results
Body weight
As a bold measure of general effects of the experimental paradigm on the animals, we determined the body weight. On P2 average body weight was 1.40 ∫ 0.01 g in enriched and 1.38 ∫ 0.02 g in controls (all values mean ∫SEM; P Ω 0. 1938). On P22, one day after weaning and the end of the stimulation period, the body weight was 7.06 ∫ 0.43 g in controls and 5.88 ∫ 0.33 g in enriched mice, indicating that enriched animals were significantly lighter (P Ω 0.0383). At the time-point of behavioral testing (4 months) the body Figure 2 . At the age of 4 months, behavioral effects of preweaning enrichment were assessed by measuring spontaneous locomotor activity and habituation to a new environment. (a) As can be concluded from the downward slope of the habituation curves, both control and enriched mice showed some habituation to the box, in which activity was automatically measured by a video system. The total distance moved differed significantly between the two groups with enriched mice being more active. After a short exploratory phase in the periphery (d), enriched mice spent significantly more time in the center zone of the activity measurement enclosure (b and d), moved longer distances in that zone (c) and showed more entries to the central area. This finding has a component of diminished fear-related behavior in these animals. Taken together, the data reveal a functionally measurable and sustained effect of the enrichment procedure. Figure 3: (a) The number of BrdU-labeled cells was determined 1 day after the last injection of proliferation marker bromodeoxyuridine (BrdU) to estimate proliferative activity in the subgranular zone of the dentate gyrus. Four weeks later, the number of surviving BrdU-labeled cells was determined. (b) Among these the relative distribution of phenotypes, into which the newly generated cells had differentiated, was examined by means of immunohistochemistry and confocal microscopy.
weights were again similar in both groups: 21.46 ∫ 0.47 g in control vs. 20.6 ∫ 0.31 g in enriched (P Ω 0.1445).
Activity
To assess functional effects of the enrichment procedure at the age of 4 months, we tested the mice in an automated activity monitoring system (Fig. 2) . We found that enriched mice moved a significantly longer average distance in the entire testing area (21 546 ∫ 1244 cm in controls vs. 24 855 ∫ 989 cm for enriched animals; P Ω 0.0487). The downward sloping habituation curves of both groups are depicted in Fig. 2(a) . Additionally, the number of entries to the center zone, the time spent in the center zone and the distance moved in the center zone were determined. Enriched mice showed 105 ∫ 9 entries (vs. 73 ∫ 7 in controls; P Ω 0.0091), spent 294.6 ∫ 35.7 s in the center zone (vs. 184.9 ∫ 21.0 in controls; P Ω 0.0169) and moved 2997 ∫ 263 cm in the center zone (vs. 2031 ∫ 193 cm in controls; P Ω 0.0080).
Adult hippocampal neurogenesis
To address distinct aspects in the cascade of events that leads to the generation of new neurons, we examined proliferation of neuronal stem or progenitor cells, survival of their daughter cells and their differentiation into cells of either neuronal or glial phenotype. Proliferation was assessed by determining the number of BrdU-labeled cells one day after the last injection of BrdU (Fig. 3a) . There was no significant difference between the two groups (P Ω 0.4968), indicating that preweaning enrichment did not influence proliferation of stem or progenitor cells in the subgranular zone of the dentate gyrus. Four weeks after BrdU-injection, new neurons, colabeled for BrdU and NeuN, could be found throughout the dentate gyrus in both groups (Fig. 1b) . There was a substantial decrease in the number of BrdU-labeled cells between 1 day and 4 weeks after BrdU-injection (Fig. 3a) . The number of surviving BrdU-positive cells at 4 weeks after the last injection of BrdU was not different between the groups (P Ω 0.9914). At 4 weeks after the last injection of BrdU the phenotype of the surviving BrdU-labeled cells was determined by immunofluorescent triple labeling. The distribution of phenotypes was similar between the groups (Fig. 3b) . The resulting total number of newborn neurons in enriched mice was 792 ∫ 155 per dentate gyrus vs. 769 ∫ 153 in controls, indicating no significant difference, but a very high variance between individuals. In summary, no difference in adult hippocampal neurogenesis was found at about 4 months of age, 99 days after the end of the enrichment period.
Hippocampal volume and total number of granule cells
To further investigate effects of the enrichment procedure on hippocampal morphology and neuronal cell counts, we examined the dentate gyrus stereologically (Table 2 ). There was no significant difference between enriched and control animals with regard to the volume of the granule cell layer, the density of granule cells and the absolute number of granule cells. This indicates that during the enrichment period no effect on adult hippocampal neurogenesis with lasting consequences, still measurable at four months of age, had occurred.
Discussion
In adult rodents environmental enrichment results in increased neurogenesis in the hippocampal dentate gyrus (Kempermann et al. 1997a; Kempermann et al. 1998b) . At first sight the paradigm of preweaning enrichment seems similar. In both cases the animals are exposed to a variety of sensory stimuli. However, there are at least four fundamental differences between the two procedures: (i) preweaning enrichment takes place in a particularly sensitive phase of development, in which many brain structures are still developing (ii) preweaning enrichment includes a very particular variable by interfering with the relationship between the dam and their pups (iii) preweaning enrichment involves far less active exploratory behavior than postweaning enrichment and (iv) in preweaning enrichment physical activity as part of the enrichment paradigm does
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only play a very minor role. The question that prompted the present study was whether, despite these differences, preweaning enrichment would yield a similarly lasting effect on adult hippocampal neurogenesis as postweaning enrichment has been shown to in our earlier experiment (Kempermann & Gage 1999) . The answer to the question was no, therefore in the following paragraphs we are going to discuss how this result can be interpreted with regard to the above-mentioned differences and potentially confounding variables. Acute effects of preweaning enrichment on hippocampal neurogenesis were not the object of this study (although postweaning enrichment has strong acute effects on adult hippocampal neurogenesis (Kempermann et al. 1997b; Kempermann et al. 1998b; Nilsson et al. 1999) .
The paradigm
The intention of preweaning enrichment is to subtly interfere with early postnatal development and thereby affect the relationship between dam and pups. The major issue here is the question of the nature and dosage of this interference. Accordingly, experimental paradigms, results and conclusions differ considerably in the literature (Denenberg et al. 1966; Denenberg et al. 1967; Schapiro & Vukovich 1970; Schaefer & Darbes 1972; Labarba et al. 1974; Fernandez-Teruel et al. 1997) . Nevertheless, some general statements can be made. Preweaning enrichment is related to the experimental concepts of 'neonatal handling' and 'maternal deprivation'. In studies involving neonatal handling, the pups are removed from their mother for about 15 min per day in the period between birth and the day of weaning (Levine 1962; Meaney et al. 1988; Pham et al. 1997) . The term 'neonatal handling' is sometimes used incorrectly as an equivalent to preweaning enrichment, but the latter includes exposure of the pups to various sensory stimuli during the period of separation from the mother (Venable et al. 1989; Pascual & Figueroa 1996) . It has been proposed that the observed changes after neonatal handling are induced by an altered behavior of the mother towards the handled pups (Liu et al. 2000b) , a mechanism that might be shared with the other paradigms. The length of the removal is below the maximum time a rodent mother is away from the nest under physiological conditions. A removal for longer periods of time within the first days after birth (up to 2 h or more per day), constitutes 'maternal deprivation' (Kuhn et al. 1978; Von Hoersten et al. 1993) , a condition that supposedly puts the pups under considerable stress. While in neonatal handling, the young animals are placed in an environment similar to the nest, in 'preweaning enrichment' they are experiencing stimuli of increasing complexity during this period (Venable et al. 1989; Pascual & Figueroa 1996) . While neonatal handling and preweaning enrichment are relatively artificial paradigms, it was also shown that naturally occurring differences in maternal behavior result in similar effects (Caldji et al. 1998; Liu et al. 2000b ).
An alternative experimental design is to expose the dam with their pups to the enriched environment (Malkasian & Diamond 1971) . We did not choose the latter paradigm, because it has been shown that enrichment conditions for the mother have effects on their offspring (Dell & Rose 1987) . While this question is interesting and important in its own right, it was beyond the focus of the present study, which aimed at investigating early sensory stimulation.
Effects
We found that preweaning enrichment in our experiment led to general effects such as increased locomotor activity. Ploj et al. described similar effects in the open field test (Von Hoersten et al. 1993; Ploj et al. 1999) . The increase in activity also comprised a component of decreased anxiety-related behavior (Liebsch et al. 1998; Thiel et al. 1999) , because the enriched animals spent significantly more time in the inner zone of the box, in contrast to the controls, which preferred the enclosure walls. Mice instinctively avoid open spaces and remain near a potential shelter from predators. Our findings are in accordance with earlier studies, which have reported less anxiety-related behavior in animals enriched before weaning (Von Hoersten et al. 1993; Pascual & Figueroa 1996) . These aspects relate to the well-described attenuated stress response in these animals. The longer total distance moved in the test area might also be indicative of increased exploratory behavior in the mice that experienced enriched conditions postnatally. However, active exploration plays a considerably minor role during preweaning enrichment.
Body weight was assessed as another gross measure for general effects of preweaning enrichment. We found that the enriched mice were significantly lighter at the end of the enrichment period. This, again, parallels results from postweaning enrichment studies (Kempermann & Gage 1999) . There is some dispute as to whether a reduction in body weight is per se indicative of severe stress. While it is possible that effects of stress might contribute to explain the results obtained in this study (see below), our results from postweaning enrichment tend to make us believe that reduced body weight under these conditions is not a sign of distress. Some postnatal stress paradigms have even shown a sustained increase in body weight later in life (Cabrera et al. 1999) . However, as with other parameters, postweaning and preweaning enrichment might differ in the underlying cause leading to a reduced body weight. A separate experiment explicitly aimed at this point would be needed to address this question.
With the background of these general effects, no effect on the morphological parameters was seen. We define neurogenesis as a series of distinct steps, such as the proliferation of stem or progenitor cells in the subgranular zone, the selective survival of the progeny and the differentiation into a neuronal phenotype. In experiments on postweaning enrichment we had found differential effects on these individual components of neurogenic regulation (Kempermann et al. 1997a; Kempermann et al. 1998a) . In the present study, however, not only was no net difference seen, but there were also no significant changes in single regulatory events, even if these might have been compensated on another level. We had previously shown that withdrawal from a postweaning enriched environment for as much as three months (a period similar to the one used in the present study) resulted in a maintained increase in the number of proliferating cells in the subgranular zone (Kempermann & Gage 1999) . We have interpreted this increase as a survival-promoting effect on the proliferating cells. One might have hypothesized that preweaning enrichment would result in a similar rescue of neurogenic potential in the dentate gyrus, but this is not the case.
This hypothesis seemed all the more plausible as it is well known that preweaning enrichment leads to long-lasting changes in the hippocampus (Vallé e et al. 1999) . On a level of gene expression for example, neonatal handling resulted in persistently increased levels of the opioid dynorphin B (but not A) in the hippocampus (Ploj et al. 1999) . Even more prominent are lasting morphological effects. Among these is a prevention of hippocampal loss of neurons in aged rats, which were handled postnatally. This effect, however, only became apparent in older rats (over 12 months old) and did only involve the CA1 and CA3 regions (Meaney et al. 1988) . Adult hippocampal neurogenesis and its experience-dependent regulation, in contrast, do not occur in hippocampal regions outside the dentate gyrus. Consequently, the rescue of neurons in the CA areas does not involve generation of new neurons, but the cells are prevented from dying. For the role of cell death within the neurogenic regions see also Young et al. 1999; Biebl et al. 2000 .
Stress
The death mechanism underlying this loss of hippocampal neurons presumably lies in glucocorticoid toxicity, most likely as a response to chronic stress. Handled animals are less sensitive to stress and show a reduced endocrine response to it (Meaney et al. 1991b; Vallé e et al. 1999; Liu et al. 2000a) . They also have lower glucocorticoid serum levels, but an increased expression of glucocorticoid receptors in the dentate gyrus (Meaney et al. 1991a) . For example, on the biochemical level underlying these effects, fc-Fos induction in response to stress was diminished in handled rats (Abraham & Kovacs 2000) .
The question of stress-induced effects is of particular interest in the context of adult hippocampal neurogenesis, because Gould et al. have shown a marked negative effect of stress on stem or progenitor cells in the dentate gyrus, at least on the level of cell proliferation (Gould et al. 1997) . Adrenalectomy caused an increase in cell proliferation (Cameron & Gould 1994 ) and this effect could be counterbalanced by exogenous glucocorticoids.
In our present study we did not find changes which could be interpreted as stress-related in the dentate gyrus. Adult hippocampal neurogenesis was undisturbed on all levels of regulation investigated and the identical granule cell count in both experimental groups indicates that no lasting large alteration of neurogenesis had occurred earlier. As it has been shown that prenatal stress has lasting effects on adult hippocampal neurogenesis (Lemaire et al. 2000) as does postnatal stress (Gould et al. 1997) , it is likely that any presumed stress the animals might have experienced in the present study was below the threshold to cause sustained hippocampal damage. The stress applied in both cited studies was rather severe, consisting of psycho-social stress in a resident-intruder model (Gould et al. 1997) or restraining stress with bright light (Lemaire et al. 2000) . Experimental data on the effects of stress-hormone corticosterone mainly come from studies of adrenalectomized rats (Cameron & Gould 1994; Cameron & McKay 1999) , which is another massive intervention. Thus, the possibility that in our experiment a stressinduced negative effect just out-balanced a stimulation-induced positive effect seems theoretically possible, but not necessarily plausible given the fact that we did not see any differential changes on individual levels of neurogenic regulation such as proliferation, survival and differentiation. Generally, it has been found that 'mild' stress had beneficial effects on some behavioral measures, including hippocampal function (Wood & Shors 1998) , and 'moderate' stress, such as involuntary swimming, did not have any obvious effect on adult hippocampal neurogenesis (Gould et al. 1999; Van Praag et al. 1999b) . Therefore, the general dose-response curve for the effects of stress (or glucocorticoid levels) on adult hippocampal neurogenesis remains to be established.
The finding that preweaning enrichment does not affect adult hippocampal neurogenesis while postweaning enrichment does could suggest that the underlying regulatory events differ. One might then speculate that the found discrepancy implies that 'adult neurogenesis' does only occur in true adulthood and could therefore be quite distinct from developmental neurogenesis. From a purely anatomical perspective a fundamental change is supported: while developmental neurogenesis of the dentate gyrus proceeds from the ventricular plate, neural stem and progenitor cells for postnatal and adult hippocampal neurogenesis form a germinative center far from the ventricular wall in the subgranular zone.
As a series of intraperitoneal injections would be potentially distressing, particularly for very young animals, we did not give BrdU during the period of preweaning enrichment. Nevertheless, it would be interesting to study the kinetics of cell proliferation in the hippocampal neurogenic region during this period. Subtle effects on the stem or progenitor cell population of the dentate gyrus might then be detected. In a recent abstract, Bredy et al. reported that after a single dose of BrdU at day P7 there was a moderate increase in surviving labeled cells in pups that received more attention (i.e. more licking and grooming) by their mothers than controls (Bredy et al., Soc. Neurosci. Abs 2000, 121.16 ). This might indicate that at least in this related paradigm an acute regulatory effect on neuronal stem cell activity in the dentate gyrus is possible. The relationship to the results presented here remains to be established. A dramatic effect on adult hippocampal neurogenesis during the stimulation period, however, is unlikely, because no differences in the total granule cell count was found (Table 2) .
Similarly, a future study would have to include a group to be studied in very old age, because earlier experiments have shown that some of the effects of neonatal handling became apparent only in older age (Meaney et al. 1988) .
As with all essentially negative results, we cannot draw any strong conclusions about why no effects were seen and whether under different circumstances an effect might have been found. Another question raised is whether the high perinatal mortality in this study, before the start of the actual experiment, did in any way influence the outcome.
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Taken together our findings will not allow final conclusions on potential effects of preweaning enrichment or early sensory stimulation on adult hippocampal neurogenesis. However, as our data presented here appear very clear within the given context, we doubt that this negative result is meaningless.
Activity
Besides the different timeframes, one of the major differences between the two paradigms of enrichment was that in postweaning enrichment, animals actively explore their new environment and thus actively pursue their sensory stimulation. They have to interact within their group, and in the larger cage with tunnel systems and a small running wheel, physical activity becomes an integral part of the experimental condition. In contrast, in preweaning enrichment, the young mice are more passive in experiencing the stimuli. In the first days of the experiment they cannot move on their own at all. In the last days before weaning they generally become more active, but the experimental paradigm with small enclosures, in which the sensory stimuli are presented, does not allow a substantial amount of physical activity. The short periods of swimming in warm water, used in only the last three days of the enrichment period, were unlikely to contribute a significant amount of physical activity. Other studies in addition to this one had previously shown that in older mice even longer periods of swimming did not result in effects on adult neurogenesis (Gould et al. 1999; Van Praag et al. 1999b ). This might indicate that physical activity plays a very important and fundamental part in mediating the effects of environmental enrichment on adult neurogenesis. Ferchmin and Bennett reported in 1975 that passive exposure to an enriched environment ('TV-rat') did not result in similar effects on brain morphology as in rats actively experiencing the enriched environment (Ferchmin & Bennett 1975) . A theory that physical activity facilitates neuronal plasticity in the adult dentate gyrus would not necessarily mean that learning was generally irrelevant or could not under different conditions be sufficient as a stimulus for adult neurogenesis (Gould et al. 1999) . However, mice with unlimited access to a running wheel showed a dramatic increase in adult neurogenesis (Van Praag et al. 1999b) , performed better on a learning task and even showed increased long-term potentiation (LTP) in the dentate gyrus (Van Praag et al. 1999a) . The effects of general activity might by seen as setting the neuronal stem or progenitor cells of the subgranular zone into a state of activation and thus preparing the system for effects which are more specific to hippocampal function. As earlier work has indicated, these latter effects presumably work through a survival-promoting effect on the progeny of the proliferating cells (Kempermann et al. 1997a; Gould et al. 1999; Nilsson et al. 1999; Young et al. 1999) . The difficulty in understanding the apparent contradictions between these findings might be grounded on the fact that experiments accessing 'pure learning' or 'complete absence of learning' are difficult to design. The present study might aid this process by contributing findings obtained under a condition with a very limited contribution of physical activity and without putting the animals under restraining stress.
